Background. The bacterial pathogen Vibrio vulnificus causes severe septic foodborne infections. The multifunctional autoprocessing repeats-in-toxins (MARTX) toxin is an important secreted virulence factor. The effector domain region is essential for lethal intestinal infection in mice, but the contribution of each of the 5 effector domains to infection has not been investigated.
effector domain region to the eukaryotic cytosol, and these effectors are then released by autoprocessing [11] . The effector domain region is not required for in vitro cell lysis [12] , the activity most commonly attributed to the MARTX toxin [7, [12] [13] [14] . However, the region is essential for virulence, indicating that cellular necrosis in vitro does not predict virulence in animal models [15] . Thus, the MARTX toxin is a delivery platform for effector proteins that dictate MARTX toxin potency and V. vulnificus virulence potential [11] .
Among V. vulnificus isolates, the effector domain content can vary [16] [17] [18] . The MARTX toxin generated by the representative clinical isolate CMCP6 possesses 5 effector domains. Listed in the order of their position from N-to C-terminus, these effector domains include domain of unknown function in the first position (DUF1) [19] , rho GTPases inactivation domain (RID) [20] [21] [22] , alpha-beta hydrolase domain (ABH) [23] , makes caterpillars floppy-like domain (MCF) [24, 25] , and Ras/Rap1-specific endopeptidase (RRSP) [26, 27] . Although these domains function by distinct biochemical mechanisms, the MARTX toxin effectors generally act to disrupt one of 3 key cellular processes: cytoskeletal dynamics, GTPase signaling, or vesicular trafficking [11, 28] .
During a murine intragastric infection, V. vulnificus that produces MARTX toxin lacking all 5 effector domains is significantly attenuated [15] . Yet, the role of each individual effector domain during animal infection has yet to be investigated. In this study, we find that MARTX effector domains exhibit functional redundancy yet confer distinct infection dynamics. The virulence potential of each effector domains is not strictly additive, suggesting that complex interplay may occur among codelivered effector domains.
METHODS

Bacterial Strains
All V. vulnificus strains were cultured on Luria-Bertani agar or broth supplemented with 50 µg/mL rifampin (Rif). The bacterial strains used in this study are listed in Table 1 . V. vulnificus strain CMCP6 is a Korean clinical isolate [29] . A spontaneous Rif-resistant derivative of CMCP6 was previously isolated [10] . vvhA, which encodes the cytolysin/hemolysin VvhA, a secondary virulence factor of V. vulnificus, was disrupted so as to focus this study on the MARTX toxin [12] . The resulting Rif-resistant CMCP6 ΔvvhA strain is designated as wild type (WT) in the current study because it produces a full-length MARTX holotoxin. In this background, an rtxA1-null mutant (ΔrtxA1) and a MARTX effector-free mutant (rtxA1::bla) were previously generated [12, 15] . In addition, in-frame deletion of gene sequences encoding the individual MARTX effector domains were previously generated [15] . All strains were validated to retain or lose MARTX-associated activities as appropriate [12, 15] .
Intragastric Infection of Mice
These studies were carried out in strict accordance with the recommendations in the US Public Health Service regulations and applicable federal and local laws. Protocol IS00000905 was approved by the Northwestern University Institutional Animal Care and Use Committee. Female ICR mice were obtained from Charles River Laboratories at age 32-38 days. Mouse infection was done as previously described [15] . Briefly, mice were anesthetized with a ketamine-xylazine cocktail and inoculated intragastrically, first with 50 µL of 8.5% sodium bicarbonate solution and then with phosphate-buffered saline (PBS)-suspended bacterial culture containing the indicated number of colony-forming units (CFU). Mice were monitored for 48 hours. For bacterial recovery from organs, inoculated mice were euthanized 6 hours after infection. The whole intestine (less the cecum), liver, and spleen were each excised and homogenized in PBS. The number of CFU/organ was calculated by plating serially diluted homogenates on LB agar containing Rif to select for V. vulnificus.
J774 Macrophage Studies
J774 cells (American Type Culture Collection) were maintained at 37°C with 5% CO 2 in Dulbecco's minimal Eagle's medium (DMEM; Thermo Life Technologies) with 10% fetal bovine serum (Gemini Bio-Products) and 1% penicillin-streptomycin. Cells were seeded 2 hours in advance at 10 5 cells/well in a 96-well dish and then washed with warm phenol red-free Roswell Park Memorial Institute 1640 medium (RPMI; Thermo Life Technologies). Ninety microliters of phenol red-free RPMI was added to each well. Ten μL of V. vulnificus, resuspended in PBS at 10 7 CFU/mL, was added (multiplicity of infection, 1). Plates were incubated at 37°C in 5% CO 2 for 30 minutes.
For phagocytosis studies, cells were washed with RPMI. One hundred microliters of pHrodo Green Escherichia coli Bioparticles (Thermo Life Technologies)-suspended in RPMI with 100 μg/mL gentamicin-were added to each well. Plates were incubated on a 37°C plate warmer for 1 hour and then read in the SpectraMax M5 plate reader with an excitation peak at 509 nm and an emission peak at 533 nm. Percentage phagocytosis was calculated as follows: [A 533 of the sample]/[A 533 of the untreated control] × 100. For LF N -RRSP intoxication studies, proteins were purified as previously described [30] . Cells were preincubated for 2 hours in medium containing 7 nM protective antigen and 3 nM LF N -RRSP and then phagocytosis assays were performed as described above.
For cell lysis assays, J774 cells were washed with RPMI and then 100 μL of RPMI with 100 μg/mL gentamicin was added to each well. Triton X-100 (0.1%) was used as a positive control. Plates were incubated on a 37°C plate warmer for 1 hour. After coincubation, medium from each well was centrifuged at 15 000 × g for 2 minutes. Fifty microliters of supernatant fluid was transferred to a 96-well, flat, clear-bottomed plate. Lactate dehydrogenase release into the medium was measured using the Promega CytoTox Non-Radioactive Cytotoxicity Assay kit according to the manufacturer's instructions. 
ΔrtxA1
CMCP6 ΔvvhA ∆rtxA1, Rif r [5] rtxA1::bla CMCP6 ΔvvhA with in-frame substitution of TEM1 beta-lactamase (bla) for native MARTX toxin effector domain region of rtxA1, Rif r , Amp r [5] Δduf1 CMCP6 ΔvvhA with in-frame deletion of duf1 region of rtxA1, Rif r [8] Δrid CMCP6 ΔvvhA with in-frame deletion of rid region of rtxA1, Rif r [8] Δabh CMCP6 ΔvvhA with in-frame deletion of abh region of rtxA1, Rif r [8] Δmcf CMCP6 ΔvvhA with in-frame deletion of mcf region of rtxA1, Rif r [8] Δrrsp CMCP6 ΔvvhA with in-frame deletion of rrsp region of rtxA1, Rif r [8] Abbreviations: Amp r , ampicillin resistant; Rif r , rifampin resistant.
Statistical Methods
Statistical analyses were performed as indicated in figure legends, using GraphPad Prism software, version 7.0.
RESULTS
V. vulnificus Single Effector Mutants Exhibited Distinct Virulence Profiles
During Intragastric Infection
The MARTX effector domain region is required for toxin-associated virulence [15] . Moreover, each effector domain has been shown to be independently toxic to cells in vitro [19, 23, 25, 30, 31] . To test the contribution of individual MARTX toxin domains to toxin-associated phenotypes, we used previously generated V. vulnificus strains [15] . These strains have all have a deletion in vvhA to focus the study on the MARTX toxin. Each strain also has a distinct rtxA1 modified to remove DNA sequences for a single effector domain (Δduf1, Δrid, Δabh, Δmcf, or Δrrsp; Figure 1 ). We speculated that if the toxicity of effector domains is additive, then a strain lacking any one effector domain should be less virulent than a strain producing the full complement of 5 effector domains. This prediction assumes that equivalent amounts of modified MARTX toxins are expressed and secreted. Owing to inherent properties of the MARTX toxin, including large size, structural flexibility, and rapid degradation in culture supernatant fluids, secreted toxin cannot be purified, isolated, or directly quantified. However, the WT and rtxA1::bla strains used in this work were previously shown to transcribe equivalent levels of rtxA1 messenger RNA [15] . In addition, MARTX toxin secretion from single effector deletion strains was indirectly measured using activities of the RID and RRSP effector domains as surrogate measures of toxin delivery to target cells [15] . These prior results indicated that the quantity of MARTX toxin delivered to target cells is not likely affected by the in-frame removal of the effector domains.
To determine the virulence potential of strains lacking individual MARTX toxin effector domains, mice were inoculated intragastrically with equivalent CFU of the V. vulnificus WT strain or with one of the modified strains. Mice were then monitored over 48 hours to determine the time to death. Groups of mice infected with each of the 5 mutant V. vulnificus strains exhibited a variety of time-to-death profiles ( Figure 2 ). Results demonstrated that mutants fall into one of 3 categories: (1) no change in virulence, (2) increased virulence relative to WT strain infection, and (3) decreased virulence as compared to WT V. vulnificus infection. Mice infected with the strain Δmcf were the only group to show no significant change in the time to death, compared with the WT strain ( Figure 2D ). This is consistent with previous experiments examining the role of mcf in V. vulnificus lethality [32] .
Two of 5 mutant strains, Δrid and Δrrsp, had significantly attenuated virulence, compared with the WT strain ( Figure 2B and 2E). Mice infected with the Δrid mutant demonstrated delayed infection kinetics as compared to WT strain-infected mice. Although nearly equivalent percentages of mice died of infection, the median survival of Δrid-infected mice increased by 5.5 hours, compared with WT V. vulnificus-infected mice. Virulence of the Δrrsp mutant was also reduced. At the same, the minimal lethal dose at which 100% of WT strain-infected animals died of infection, only 50% of ∆rrsp infected mice died. Thus, both RID and RRSP effector domains significantly increase the virulence potential of V. vulnificus.
Contrary to the hypothesis, infections of mice with the Δduf1 or Δabh strains exhibited accelerated time-to-death kinetics, compared with WT V. vulnificus infections. Median survival was decreased by 6 and 7 hours, respectively ( Figure 1A and 1C) . These results suggest that, in the context of the MARTX holotoxin, DUF1 and ABH effector domains actually temper virulence. Taken together, the time-to-death data demonstrate that the individual MARTX effector domains do not contribute to the virulence of the holotoxin equally, with RRSP and RID dominating the V. vulnificus virulence potential for strain CMCP6. 
No Single MARTX Effector Is Required for Bacterial Survival or Dissemination 6 Hours After Infection
Bacterial dissemination from the site of infection to distal organs predicts lethal infection outcomes following intragastric V. vulnificus exposure [33, 34] . Moreover, the MARTX effector domain region is required for V. vulnificus dissemination from the gut [15] . Therefore, we anticipated that strains with a faster time to death than WT V. vulnificus would show a higher number of CFU in distal organs during the early stage of infection, while strains with reduced virulence than WT V. vulnificus would show a decreased number of disseminated CFU. At 6 hours after infection, the bacterial burden in the intestine was equivalent across all mice ( Figure 3A) . This is consistent with previous results showing that rtxA1 is not required for intestinal survival at 6 hours after infection [15] . Quantification of bacterial dissemination revealed equivalent bacterial loads in the liver and spleen across all of the mutant strains ( Figure 3B ). Thus, no single MARTX effector domain is required for bacterial dissemination Figure 2 . Individual multifunctional autoprocessing repeats-in-toxins (MARTX) toxin effector domains modulate Vibrio vulnificus time to death. Mice (n = 12-15) were intragastrically infected with 6 × 10 6 -8 × 10 6 colony-forming units of the indicated strains and monitored for survival over 48 hours. Kaplan-Meier plots were compared by the log-rank test, and P values are specified when difference were statistically significant. Note that the same wild-type (WT) data are displayed in multiple graphs, which are separated for visual clarity.
from the intestine. This suggests that effectors are functionally redundant in their contribution to intestinal barrier breach.
MARTX Inhibition of Phagocytosis Depends on Effector Domains, but No Single Domain Is Required
Since V. vulnificus egress from the intestine does not depend upon individual MARTX toxin effector domains ( Figure 3B ), we predicted that differences in virulence might arise instead from different susceptibility to macrophage-mediated clearance [35, 36] . Previous work has established that rtxA1 inhibits bacterial phagocytosis by macrophages [37, 38] . Specifically, a mutant with an rtxA1 deletion to remove sequences for the MARTX toxin C-terminal repeat region loses antiphagocytic activity, likely because the region is required for MARTX toxin secretion [12, 37, 39] . Mutants possessing simultaneous deletion of duf1, rid, mcf, and rrsp sequences retain antiphagocytic activity [37] . These results suggested that MARTX repeat regions are necessary and sufficient for MARTX-dependent inhibition of phagocytosis, although this was not directly tested because the coding region for the abh domain was still present in that study.
To build upon the previous work, we used our library of bacterial mutants. We coincubated J774 murine macrophages with V. vulnificus and confirmed that J774 cells do not lyse under the assay conditions, even when exposed to the WT V. vulnificus strain ( Figure 4A ). We then proceeded to test the ability of each strain to inhibit macrophage phagocytic activity, by quantifying J774 uptake of pH-sensitive, fluorescent beads following exposure to V. vulnificus.
WT V. vulnificus inhibited J774 phagocytic activity ( Figure 4B) , consistent with previous data [37, 38] . Under these assay conditions, bead uptake by J774 cells exposed to the WT strain was inhibited by about 50%, compared with cells coincubated with a null rtxA1 mutant. However, the effector-free rtx-A1::bla strain lost the ability to inhibit phagocytosis. Therefore, the MARTX effector domain region is required for the toxin's antiphagocytic activity, in contrast to previous conclusions [37, 38] . However, consistent with previously published results, independent deletion of duf1, rid, mcf, or rrsp sequences did not influence J774 phagocytic inhibition ( Figure 4B ). The abh domain, which had not been previously tested, was also dispensable. Thus, the effector domain region was essential for toxin-mediated inhibition of phagocytosis. However, no single effector domain was found to be necessary, revealing functional redundancy.
To directly test whether inhibition of phagocytosis could contribute to the dominating activity of the effector protein RRSP in virulence, we evaluated whether this domain alone might be sufficient to inhibit phagocytosis. RRSP was purified fused to the N-terminal region of Bacillus anthracis lethal factor (LF N ) for delivery to cells by anthrax toxin-protective antigen [26] . Prior treatment of J774 macrophages with LF N -RRSP for 120 minutes inhibited bead uptake to approximately 50% ( Figure 4C ), inhibition comparable to cells intoxicated with bacteria expressing the MARTX holotoxin. Therefore, RRSP alone is sufficient to inhibit phagocytosis in vitro at levels comparable to that of the MARTX holotoxin. WT, wild type. *P < .05 and **P < .01.
DISCUSSION
The MARTX toxin is a critical determinant of bacterial virulence and lethality during intragastric V. vulnificus infection [7, 13] . The MARTX toxin functions as a platform for delivering bacterial effectors that dictate toxin potency and V. vulnificus virulence potential [15] . We previously showed that the MARTX effector region is required for disruption of the intestinal epithelial barrier and bacterial egress from the gut to the bloodstream. Likewise, the effector domain region is required for V. vulnificus lethality. Since all 5 effector domains of V. vulnificus CMCP6 have independently been linked to cytotoxicity, it was expected that removal of any one domain could reduce potency of the cytotoxin and thereby reduce V. vulnificus virulence as determined by time to death. RRSP showed the most dominant contribution to overall pathogenesis because ∆rrsp was the only deletion that affected overall mouse survival in our study. This is consistent with previous data demonstrating reduced virulence of rrsp-negative M-type strains, compared with rrsp-positive C-type strains [17] .
The effector domain RID was also found to significantly contribute to virulence. Mice infected with the ∆rid mutant showed an increased time to death when inoculated at the minimal lethal dose, although most mice ultimately died of infection. This finding was not consistent with results of a study by Zhou et al [22] . They found that deletion of RID changed overall survival, increasing the survival rate from approximately 25% (for the WT strain) to 75% (for the ∆rid mutant) [22] . The difference in these results could be their use of intraperitoneal infection as opposed to our use of intragastric infection, suggesting that the relative contribution of RID is distinct in the intestine.
Alternatively, genetic context may directly influence the relative attenuation of the Δrid strains. The naturally competent bacterium V. vulnificus can frequently exchange its MARTX toxin effector domain content by homologous recombination [17, 18] . The C-type MARTX toxin in strain CMCP6 used in this study has 5 effector domains (Figure 1 ). In contrast, strain ATCC 27562, used by Zhou et al, produces an M-type MARTX toxin with the same first 4 effector domains as CMCP6 but lacking RRSP. Therefore, in the rrsp-negative toxin background, rid may have a more prominent role in toxicity.
Moreover, it was in fact somewhat surprising in our study that RID contributed to virulence at all. In V. vulnificus, both RID and RRSP have an N-terminal 4-helix bundle membrane localization domain (MLD) that targets these effectors to the plasma membrane, where they inactivate small Ras family GTPases. Specifically, loop 1 organizes to form a basic-hydrophobic motif. At a critical position in loop 1, RRSP has a phenylalanine that confers its tight membrane association. However, the MLD of V. vulnificus RID was characterized as a weak targeting domain because it has a relatively hydrophilic asparagine residue in loop 1 (position 15 in Figure 5 ) [40] . The attenuation of Δrid during intragastric mouse infection demonstrates that, even with poor membrane targeting, the RID in CMCP6 does contribute to overall virulence.
By contrast, the basic-hydrophobic motif of ATCC 27562 has a serine residue at position 15 ( Figure 5 ). This serine is similar to the RID from Vibrio cholerae, which has a threonine residue at this position, and the V. cholerae RID MLD directs protein localization to the plasma membrane [40, 41] . Thus, it is not surprising that RID in ATCC 27562 could have a greater contribution to overall pathogenesis, because the domain may be more strongly localized to membranes.
A phylogenetic analysis was conducted using MLD protein sequences ( Figure 5 ). Of interest, serine at position 15 in the RID MLD was universally present in the biotype 1 environmental (E) lineage and biotype 3 strains, whereas the asparagine substitution was conserved across the biotype 1 clinical (C) lineage and clade B strains. Because the C-lineage strains have been correlated with human infection, it is possible that the reduced impact of RID on overall virulence is positively selected in the environment among strains that have potential for human infection. It is surprising that the Δduf1 and Δabh strains had increased virulence relative to the WT strain and that ∆mcf showed no difference in overall virulence. This demonstrates that MARTX toxin potency is not simply an additive contribution of the effector domains present. All 3 domains exert cytopathic effects in vitro [19, 42] . ABH is specifically linked to inhibition of phagocytosis, autophagy, and endocytic trafficking; DUF1 is linked to cell rounding; and MCF is linked to induction of apoptosis. It is possible that some of these effects stimulate the host to respond to the infection and can be protective for overall virulence. Alternatively, in the context of the MARTX holotoxin, it is possible that there is interplay or crosstalk between the effectors such that ABH, DUF1, and MCF could temper the cytotoxic effects of RID or RRSP when codelivered [28] . Either explanation suggests that maximizing the virulence potential may not be advantageous for V. vulnificus in its natural environment and thus that there is selective pressure for effector domains that balance overall toxin potency.
We initially speculated that virulence differences among the single effector mutant strains might be due to differential susceptibility to phagocytosis. This study demonstrates that it is the effector domain region of the MARTX toxin that is important for its antiphagocytic activity. This conclusion is distinct from that of a similar study, which concluded that only the repeat regions were essential to inhibit phagocytosis [37] . Although no single effector is essential to inhibit phagocytosis, at least 3 effectors-RID, ABH, and RRSP-are sufficient. RRSP was tested directly in this study and shown to inhibit. RID from V. cholerae has previously been shown to inhibit phagocytosis [43] . Further, ABH can inhibit phagocytosis both in V. vulnificus and V. cholerae [37, 43] . Such functional redundancy implies that phagocytic inhibition is a critical process controlled by the MARTX toxin effector domains. However, the distinctive cellular processes controlled by each of the effector domains reveals that each confers antiphagocytic activity by a unique mechanism.
The fact that all strains are equally resistant to phagocytosis intimates that they should be cleared at equivalent rates from the liver and spleen and might have been expected to demonstrate equivalent virulence. Contrary to this idea, our study showed that mice with equivalent bacterial loads in the liver and spleen ( Figure 3B ) can exhibit different time-to-death profiles (Figure 2) . Therefore, bacterial dissemination and evasion of clearance are necessary but not sufficient for death. This result, during intestinal infection, is consistent with findings from studies of subcutaneous inoculation, in which some surviving mice still had ≥10 4 CFU of bacteria in the liver [34] . Similarly, in studies with fish, equivalent numbers of systemic V. vulnificus exhibited different lethal potentials, which were dependent upon rtxA1 [44] . Perhaps continued bacterial egress from the intestine is required for full V. vulnificus virulence. If so, then animals apparently clearing intestinal bacterial loads quickly, such as 2 of the Δrrsp mice ( Figure 3A) , would have a better chance of surviving infection, even when bacteria have already disseminated.
An alternative explanation is that the different effectors have distinct capacities to stimulate the host physiological response to the disseminated bacteria. The cytokine/chemokine response of mice with systemic V. vulnificus infection has been recently characterized [45] . This study revealed that the MARTX toxin stimulates production of proinflammatory cytokines and chemokines and that distinct collections of effector domains showed variation for induction of the cytokine storm that led to death. The dominance of RID and RRSP in the contribution to death thus suggests that inactivation of the small Rho or Ras family GTPase, respectively, may be critical to set the timing of the cytokine storm and the time to death, even among virulent strains.
Notes
